Abstract
Introduction
Solar thermal power production by means of Concentrated Solar Power (CSP) units are gaining popularity as reliable Renewable Energy Source (RES) units, because they have the capability of greater power production, higher power density (approximately 40-45% more than a PV park) [1] and more stable output.
One of their interesting characteristics is their capability to stabilize their output with the addition of thermal storage or extra power production from a conventional thermal unit like in North Africa countries [2] . Thus, their production can be considered available to provide capacity credit to the upstream power system, featuring the ability to effectively substitute the production of conventional power production units. This replacement is going to make the power production not only more eco-friendly but cheaper as well in the near future.
The solar dish-Stirling is a CSP technology invented in the 80s but effectively developed in the 00s. A solar dish system consists of a parabolic collector that collects the solar radiation on a specific spot. A thermal receiver placed on the spot concentrates the thermal power from the solar radiation. This concentrated thermal power is transferred to the Stirling engine chamber, where it is transformed into electricity. In Fig. 1 the components of a solar dish-Stirling system are displayed [2] .
All the components of the solar dish-Stirling system are depended to each other, but the operation of one differs a lot from the other, as each one has a very specific role to the whole system. Furthermore, solar dish systems use solar tracker systems to track the best solar azimuth angle and thus maximize their efficiency.
Solar dish systems have relatively low power production, as their maximum production reaches about 25 kW, but they can be easily combined together to form a solar thermal park. Such ability allows CSPs consisting of Solar-Dishes to be actually considered as Distributed Generation Units, compared to the rest CSP technologies developed so far; in addition, such parks require more scattered space. Therefore, this kind of parks can be interconnected also in smaller island power systems.
A common disadvantage of CSP units is that production is not as stable as in a conventional thermal power plant and the 1 production depends solely on the weather conditions, unless suitable storage is utilized. The low output capacity of solar dishes allows much easier integration of battery storage, compared to MW scale CSPs currently built around the world. [3] In this paper an operating mode of a Hybrid Battery-Stirling Solar dish plant, reducing the volatility of the Stirling Solar Dish output, is suggested. The hybrid solar plant consists of a lithium-ion battery bank installed alongside the park, in order to reduce power production volatility. When the solar park produces excessive power, the surplus electricity is stored in the battery bank. The battery energy is used to level potential losses of power production of the plant at another time.
In Section 2, the modeling of the solar dish-Stirling is described, providing a power production prediction. In Section 3, the battery bank behavior is modeled, so as to implement the volatility reduction algorithms than are explained in Section 4. Finally, in Section 5, the results of the simulations are presented with some evaluation of the results in real applications by power producers. 
Modelling of solar dish with Stirling Engine
The solar thermal park modeled is of 1 MW nominal power output. The park consists of 40 solar dish-Stirling CSPs of 25 kW nominal capacity each, costing about 2000 -3000 €/kW [4] . To simplify modeling, these disks are assumed of the same operation principle. Therefore, after modeling one solar dishStirling CSP, the power production prediction is multiplied by 40, in order to obtain the total power production of the park.
The modelling of the solar dish-Stirling system is implemented in three stages, considering each stage connected to the next one and so on. The first stage is the parabolic collector, the next one is the thermal receiver and the last is the Stirling engine. The solar dishes are placed inside the solar thermal park as shown in Fig. 2 . 
Parabolic Collector
In order to find the energy from the sun received by the parabolic collector, which afterwards is converted into electricity, the following solar geometry parameters must be calculated [5] : where n is the current day of the year.
Solar time
The Solar Time parameter is used to determine the time during which a place has sunshine, depending on the position of the sun on the sky. The Solar Time is calculated by Eq. 
ω -relative solar time This parameter expresses the time from the solar perspective and is calculated by Eq. (5):
Where SolarTime is the parameter derived by Eq. (4).
θ z -azimuth angle The azimuth angle is the angle between the solar rays and the horizontal ground and it's calculated in Eq. (6):
where: φ -latitude δ -declination angle from Eq. (1) ω -relative solar time from Eq. (5) θ -collector angle This parameter describes the angle between the solar rays and the leveled parabolic collector and is calculated by Eq. (7): cos sin sin cos sin cos sin cos cos cos cos co
cos sin sin cos cos cos sin sin sin
where all the parameters have been defined above.
Having all the solar parameters, the solar radiation concentrated by the parabolic collector is calculated by Eq. (8):
where: Q a -the concentrated solar radiation I b -direct solar radiation A g -collector surface cosθ -collector angle (if the solar dish has a azimuth tracking system then cosθ = 1) γ r -collector reflectivity (γ r ~= 0.92) IF -reflectivity parameter (IF ~= 0.92) nd -loses due to dust (n d ~= 0.98) Employing Eq. (8), the solar radiation concentrated by the parabolic collector of a solar dish CSP, is calculated. This amount of energy is forwarded to the thermal receiver in order to be transformed to thermal energy.
Thermal Receiver
The thermal receiver of a solar dish-Stirling CSP is located to the focal point of the parabolic collector and collects the thermal energy of the solar rays. The total energy output of the thermal receiver is reduced by the energy losses. These losses are divided in two categories: losses due to energy transformation and radiation losses. [6] Losses due to energy transformation are calculated by Eq. (9): 
where: ε eff -receiver absorptivity factor (~=0.98) A cav -receiver surface T cav -receiver temperature T a -environment temperature
The total losses regarding the thermal receiver are calculated by Eq. (14):
The total energy output of the thermal receiver, which is directed to the Stirling engine, is calculated by Eq. (15):
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Stirling Engine
The Stirling engine, which is connected to the thermal receiver directly, receives the energy from the thermal receiver calculated in Eq. (15). Due to the complexity of thermodynamic modelling, the efficiency of the Stirling engine is not modeled but approximated to 38%, which is an average value for such an engine. [6] The total power produced by the Stirling engine is calculated by Eq. (16):
where: n load -Stirling engine efficiency (=0.38) Q u -energy input to the engine n al -efficiency of converter (=0.98)
All the above equations assure a power production prediction of the solar thermal park for every hour of the year. In Table 1 , all the parameters used, which do not depend on the inputs of the system, along with their values, are listed. 
Batteries
In order to reduce power production volatility of the park, installation of a battery bank is proposed. It is important to note that the battery bank in not necessarily installed within the solar thermal park, but they combination acts as one controlled entity. The main goal for this energy exchange is to reduce production volatility and achieve a production level closer to the average production of the solar thermal park. Thus, the battery bank is charged when the production from the solar thermal park is higher than the daily average production and is discharged when the production of the solar thermal park is lower. The battery bank consists of lithium-ion batteries of the Sanyo DCB-102 type characteristics, which are shown in Table 2 . [7, 8] 
where the same parameters are used as before, plus the next: P bat_dis -discharge power of battery n dcac -dc-ac conversion efficiency n bat_dis -battery discharge efficiency SOC min -lowest charge state of battery When the battery is not used and is in its idle state, its operation is described by Eq. (23):
where d is the self-discharge constant of the battery. The parameters featuring constant values are displayed in Table 3 . 
Operation Algorithms
The behaviour and operation of each component of the Hybrid solar thermal park is described in the previous sections. Here the proposed algorithms developed to achieve the optimal energy distribution between the solar dishes and the battery bank, along with optimal sizing the battery bank capacity are described.
Algorithm for solar park volatility reduction
As a first step towards the optimal operation of the solar park, an algorithm that reduces the production volatility as much as possible is proposed. This algorithm aims towards the optimum management of energy produced by the solar park, to ensure higher capacity credit, which, in turn, can be remunerated according to the Grid codes [9] . To achieve higher efficiency, the algorithm tries to reduce volatility in a day by day scenario.
By reducing volatility the owner of the solar thermal park can gain many benefits, such as more operating paying hours and confirmed capacity credit, as long as biding higher during the hours that ensure the highest prices. The algorithm for reducing power production volatility operates in two stages. In the first stage, the algorithm computes the expected mean value of power production for the specific day. If the actual production is higher than the mean value, then the excessive energy is used to charge the batteries. If the actual production is lower than the mean value then the batteries' power is used to cover the difference. In the second stage, the mean squares error method is used in order to ensure that the volatility reduction converges near optimal. In this stage, the actual production and the production calculated in the first stage are compared and, employing Least Squares Error minimization techniques, the production minimization of the mean square error is calculated. The production derived after the second stage of the algorithm satisfies the technical requirements of the problem and is the best production volatility reduction that can be achieved. In Fig. 3 the flow diagram of the algorithm is shown. 
Battery bank sizing algorithm -a case study
Based on the algorithm described in the previous section, there is a way to smoothen the production of the solar dish thermal park and, furthermore to elaborate a mechanism assuring that production volatility is reduced and a capacity credit can be achieved.
To derive the battery size necessary for the algorithm operation, the maximum difference between the actual and the optimized operation is computed. This difference dictates the size of the battery bank that is essential for the algorithm operation.
The capacity of the battery bank is the maximum difference in power between the real production and the proposed one, within an hour. For the present case study, the maximum difference resulting within an hour is approximately 700 kW. So the battery bank must feature a 700 kWh capacity in order to eliminate this maximum difference. This battery bank can be formed with various battery strings connections. The goal here is to find the minimum number of batteries that can fulfill the needs of the system, thus ensuring the lower cost. The requirements of the proposed system are not only the power bank capacity and the scheduling fast response, but also the dc to ac converter characteristics.
The bi-direction converter from dc to ac and vice versa, for the present case study, is rated to a power capacity of 700 kW [6] , but its voltage range varies for 480 to 600 V. Regarding (23) the voltage range, there can be 11-13 batteries in a row, as the nominal voltage of one battery is 48 V.
The algorithm operation concept is to check every possible combination of battery topology and discover the least expensive one. Subsequently, taking into consideration the restrictions mentioned above, the economic impact on the solar thermal plant of every possible topology is calculated and the least costly topology is derived.
After the evaluation of all possible outcomes, the algorithm suggests the minimum number of batteries to 12 in a row with 37 rows of them. Except for the consideration to cover 100% of the production difference mentioned above, the considerations to cover 80% and 60% are examined. For the 80% case a combination of 12 batteries in a row with 28 rows is required, while for the 60% case a combination of 11 batteries in a row with 25 rows is required.
Results and Conclusion
In the previous sections, the modeling of the solar thermal park, the production prediction and the optimal sizing and connection of the batteries have been presented. In this section, the difference between the output of the Hybrid Solar-Thermal Park and the output of the Solar Thermal Park alone is computed exploiting the proposed algorithm.
Focus is given on the comparison of the output between the "proposed" operation and the expected operation based on actual solar data from the meteorological station at the Technical University of Crete.
The production volatility reduction expectation is that the 'proposed' production should give graphs that present much lower peak-to-peak values compared to the 'real' one. In a given time period, it is easier to extract conclusions about how much more efficient is the smoothing of the production. It is important to note here that the smoothing of the production occurs only during the hours of a day with sunshine.
In the following figures the exchange to/from the battery bank and the hourly limits for charging and discharging the battery are shown for each example. These limits not only do they take into account the battery characteristics as presented in Table 2 , but also the state of charge of the battery as a result of the proposed algorithm.
Examining days throughout a year, a typical day for winter was picked that is the first day of the year also. A shown in Fig. 4 , it is obvious that the production stabilization is far more visible than before and also provides capacity credit equal to 120 kW.
Since the January 1st was one of the lowest production days of the year, the production of a day in December is presented, with lower cloudiness than 1st of January. In Fig. 5 , the production volatility reduction, as long as the capacity credit, which is 200 kW, is highly achievable as long as the volatility reduction is more prominent.
Examples for the volatility reduction during a spring day and a summer day are shown in Fig. 6, and Fig. 7 , respectively. In these examples the capacity credit factor achieved is 200 kW and 250 kW respectively, while after the second hour of sunshine the production is stabilized to 500 kW and 570 kW respectively before dropping again in the afternoon hours. Finally, an example of an autumn day is illustrated in Fig. 8 . During autumn, cloudiness changes quicker on Crete, thus affecting solar radiation output. Even for these high fluctuating output, the algorithms also provides production stability and capacity credit for the system, which reaches 120 kW.
Apart from the results above, the mean square error (MSE) factor reduction, before and after the algorithm described in Section 4, as well as the peak-to-peak reduction factor are important factors. In Table 4 , the average results for each season are listed. Regarding the examples above, it is concluded that the installation of the batteries reduces the production volatility to a great extent and achieves capacity credit for a day period, even with some loss of energy and drastically benefits the power grid as a whole, and will benefit more everyone in the future.
Power production volatility reduction has many advantages for all involved members, from the producers to the operator of the island. First of all, regarding the volatility reduction, reducing at the same time the uncertainty of such sources, power grid operators are enabled to include solar dish-Stirling units more easily and frequently in the power production schedule of the grid.
The owner of the Hybrid plant can provide capacity credit to the power system, which can be additionally remunerated as described in the Non-Interconnected Islands Grid Code of Greece [9] .
As described above, considerable reduction of production volatility is achievable with relatively low capacity batteries. Thus, the electricity production from RES units should be accompanied by a storage unit of any kind, as this helps mitigating the major disadvantage of RES units, of production volatility. All these actions result to gradually replacing conventional units by RES making the power generation in power systems, especially in island power grids, as eco-friendly as possible and thus the customers and visitors more satisfied.
